Nitride materials such as TiN and TaN have been used in the integrated circuit industry. These materials serve as the crucial barrier layer between copper and the dielectric layer, and hence should be chemically inert. However, a displacement reaction still occurs between these nitride barriers and some metal ions such as Cu 2ϩ , Ag ϩ , and Pd 2ϩ in the presence of F Ϫ . This spontaneous reaction results in the deposition of metal, and a similar reaction takes place between the metal ions and the underlying silicon substrate. Three possible mechanisms are proposed and discussed in this study. The proposed mechanisms and the details of displacement reaction were elucidated by using Auger electron spectroscopy, X-ray photoelectron spectroscopy, scanning electron microscopy, nuclear magnetic resonance spectroscopy, inductively coupled plasma atomic emission spectrometer, Raman and infrared spectroscopy. TiN was found to oxidize with the formation of TiF 6 2Ϫ . Despite being regarded as a contaminant, the deposited Pd was found to be capable of serving as the platform on nitride barrier for subsequent electrodeposition of Cu. To improve function and efficiency, the feature size of a chip has been shrunk to the submicrometer level. Therefore the interconnections between devices and gates have become very important.
To improve function and efficiency, the feature size of a chip has been shrunk to the submicrometer level. Therefore the interconnections between devices and gates have become very important. [1] [2] [3] [4] Cu is regarded as the best material for these interconnections because it possesses low resistivity, high melting point, and superior electromigration endurance. 5 The conventional method is to form a Cu interconnection from the electrodeposition of Cu. This process is executed on a Cu seed layer previously deposited by the chemical vapor deposition ͑CVD͒ or physical vapor deposition ͑PVD͒ process. This seed layer is capable of conducting electricity for electrodeposition. Electroless copper has also been studied but is still in the development stage.
Nitride barrier materials, [6] [7] [8] [9] such as TiN and TaN, have been developed to solve the problem of Cu thermal diffusion into dielectric SiO 2 . TiN is a typical polycrystalline material with a small grain size of about 10-50 nm. TiN has been used to serve as a barrier material because of its high rigidity, high melting point ͑2930°C͒, good thermal and electrical conductivity, high thermal stability, and good manufacturing properties. A single-phased TiN possesses a face-centered cubic ͑fcc͒ structure similar to that of NaCl, and its lattice constant is equal to 4.24 Å. The properties of TaN approach those of TiN, i.e., possessing high rigidity, high melting point ͑3090°C͒, high thermal stability, and inert chemical properties. The crystal structure of TaN is also with a single-phased lattice constant equal to 4.33 Å. However, the electrical resistivity of TaN is higher than that of TiN. At room temperature TaN has an electric resistivity of 135-170 ⍀ cm, whereas that of TiN is 100-150 ⍀ cm. Both can be deposited by the chemical vapor deposition ͑CVD͒ or plasma vapor deposition ͑PVD͒ process.
The main function of the diffusion barrier is to prevent Cu atoms from penetrating into the dielectric layer. It also improves the adhesion of the conducting layer. Therefore, barrier materials must have superior chemical stability. However, the displacement reaction between the nitride barrier layer/Si substrate and metal ions has been reported. Dubin et al. 10 reported that Cu deposition occurs as a result of the displacement reaction of TiN/Si. Fung et al.
11 also reported such deposition due to the displacement reaction between Cu 2ϩ and the underlying Si with cracks in the intermediate TiN film. O 'Kelly 12 proposed that a Cu layer could be obtained by electroless plating following pretreatment with Pd which had been presumably deposited via a displacement reaction. Although metal deposition has been reported, few of the studies have explained the reactions involved. This study aims to elucidate further the mechanisms of the displacement reaction. A better understanding of the chemical properties of nitride barriers will help in assessing their feasibility. Moreover, the metal deposits from a displacement reaction could serve as a seed layer for subsequent electroless Cu deposition instead of being regarded as contaminants. Therefore, we applied Cu electrodeposition directly onto the nitride barrier following the displacement deposition of metal seed.
Experimental
From previous studies, we believed that metal ions other than Cu 2ϩ could deposit on the barrier layer through a displacement reaction under suitable conditions. Three different metallic ions were chosen and prepared as activation solutions. The composition of the solution was metal ion 0.01 M and NH 4 F•HF ͑BHF͒ 0.1 M. Si wafers were cut into 1 cm 2 samples ready for deposition testing. The edges of the samples were sealed with wax to prevent interaction between exposed Si/SiO 2 and metal ions. Wafer samples were then examined by Auger electron spectroscopy ͑AES͒, X-ray photoelectron spectroscopy ͑XPS͒, scanning electron microscopy ͑SEM͒, nuclear magnetic resonance spectroscopy ͑NMR͒, inductively coupled plasma in an atomic emission spectrometer ͑ICP-AES͒, Raman and infrared ͑IR͒ spectroscopy to elucidate the mechanism of these reactions and the morphology of the deposits. Cu was deposited on the surface following the displacement reaction in order to assess its industrial feasibility. The process flow is schematized in Fig. 1 . In this case, TaN and Pd were chosen as the barrier material and the metallic seed, respectively. The deposition bath was a typical acidic bath, containing CuSO 4 •5H 2 O 70 g/L, H 2 SO 4 10 mL/L. The barrier-layer materials used were 50 nm thick TiN and TaN, which were deposited by sputtering. n-Type ͑111͒ single-crystal Si samples were used as the underlying substrate.
Results and Discussion
Three different kinds of metallic ions were chosen to test their ability to initiate a displacement reaction in the presence of BHF. All selective ions possess a relatively high reduction potential. Table I shows the results of different solutions in contact with various substrates. It is worth noting that metal deposition by displacement reaction happens only in the presence of F Ϫ . F Ϫ tends to corrode the barrier layer under acidic conditions. However, how F Ϫ induces a displacement reaction with the barrier layer remains unknown. According to The second is that the grain size of TiN powder is much larger than that of the sputtered TiN film. This could strongly influence the activity of these two materials. The metal deposition observed may have resulted from the contact between Si and the solution if the metal ions have indeed penetrated the TiN surface. However, SEM detected no significant corrosion of TiN film, therefore the second explanation is more plausible. It was also found that TaN film could only be displaced by Pd 2ϩ which has the most positive reduction potential of all the selected metal ions. This finding indicates that TaN is even more chemically inert than TiN.
Also noteworthy is that this reaction occurs solely under pH conditions between 3.5 and 5. In a more acidic environment, the corrosion by F Ϫ would overwhelm the displacement reaction. F Ϫ would penetrate the barrier film, inducing side reactions between the underlying SiO 2 /Si and metallic ions. Under alkaline conditions, the displacement reaction would not even take place. Unlike Cu or Ag deposition, Pd deposition cannot be detected visually. SEM was employed to identify the existence of metal deposits, as shown in Fig. 2 . The grain size of Pd is in the range from 0.1 to 0.5 m, which is the smallest among all deposits. In addition, all the metal deposits tended to reside island-wise rather than in a continuous film. It is known from Table I that metal deposition on either the TiN, TaN, or Si substrate cannot take place without the presence of F Ϫ plays an essential role in the reaction. However, the interference from the possible reaction between underlying Si and metal ions must be eliminated. Therefore, AES was used to analyze the interface of miscellaneous films on the substrate. Figure 3 illustrates the AES depth profile of the substrate after being immersed in a Pd displacement solution. It is observed that Pd did not penetrate through the TiN barrier film. This implies that the underlying SiO 2 /Si is not involved in this reaction, i.e., the edge-sealing wax and the barrier film successfully retarded the penetration of the BHF solution. Therefore, we can conclude that displacement reaction indeed occurred between TiN and metal ions.
According to the above description, this reaction should involve a cumbersome procedure instead of a simple redox reaction like the M zϩ -Ti couple. It is known that NH 3 or other compounds containing the N-H group are needed in the formation of TiN and that a stabilization procedure is required for the entire process. 7 The N-H functional group could remain on the surface due to incomplete stabilization. The residual N-H functional group, being an effective reducing agent, may induce the redox reaction. Accordingly, the first conceivable mechanism is the metal deposition due to the catalysis of surface hydrogen atoms. Figure 4 is a scheme of this mechanism. If the reaction does follow this path, the N-H functional group on the TiN surface should be examined. Therefore, XPS was applied to analyze the surface of the TiN-coated Si wafer. However, no N-H functional group existed on the TiN surface. It is also known that some titanium compounds possess a catalytic ability to promote photocatalytic or photolysis reaction. Therefore, the second possible mechanism is the reduction of metal ions by photochemical reaction. According to this mechanism, metal atoms are deposited cathodically by the electrons being released through photoexcitation of TiN, as shown in Fig. 5 . In investigating this mechanism, two solutions of identical composition were prepared. One was exposed under illuminated UV light, while the other was not. Since no difference was observed between the two, the second possible mechanism had no evidence to support it.
The third mechanism proposed was the deposition of metal atoms resulting from galvanic oxidation of TiN, i.e., metal ions receive electrons released by the oxidation of TiN, as illustrated in Fig. 6 . To verify this mechanism, it is necessary to confirm that titanium had indeed been oxidized after the ejection of electrons. The oxidation state of titanium was measured by XPS before and after the reaction, as shown in Fig. 7 and 8, respectively. In Fig. 7 , the peak at 455.8 eV stands for the binding energy of the electrons at 2p 3/2 orbital, while the peak at 461.6 eV represents that at 2p 1/2 orbital. The two peaks illustrate that titanium was in the state of Ti-N bonding. In Fig. 8 , the two peaks at 458.4 and 463.8 eV appeared after the displacement reaction with Pd 2ϩ , which implies that titanium is oxidized during Pd deposition. This phenomenon also appears in the displacement with Cu 2ϩ or Ag ϩ . According to a previous study, 13 it is possible that TiN is oxidized to form TiO x or titanium halide. This corresponds to the hypothesis of the third mechanism. However, the deposition of metal by a displacement reaction only took place in the presence of F Ϫ . Thus, the effect of F Ϫ must be further investigated.
A halide, like F Ϫ , possesses the catalytic ability of a bridging ligand. This had been described by Franklin et al. 14 Thus, F Ϫ is capable of serving as a bridging ligand between Pd 2ϩ and Ti on the substrate surface. Accordingly, the existence of the Pd 2ϩ complex must be verified. However, to our knowledge, there is a lack of literature describing the combination of the Pd 2ϩ complex with F Ϫ . NMR and Raman spectroscopy were used to confirm that F Ϫ is capable of serving as ligand in the Pd 2ϩ complex. NMR showed various bonding types of F Ϫ before and after the reaction, as shown in Fig. 9 and 10 , respectively. Some identical peaks could be observed in both figures. The peak at 129.02 ppm should represent the 
Time: 15 min, Temp: 20°C. Symbol ᭺ represents that the deposition of metal was observed. Symbol X represents that no reaction was observed. Symbol ᭹ represents that the corrosion of substrate was observed.
unbonded F Ϫ , whose magnetic field is less shielded by the adjacent electron field. The decline and chemical shift of the peak from 151.76 ppm to 154.2 ppm is obvious. The declining intensity implies that the amount of F Ϫ bonding decreases because of the displacement reaction. Accordingly, the shifted peak is assumed to be the bonding state in which F Ϫ serves as a ligand in a square planar palladous complex. In addition, the chemical shift in this peak reveals that the original complex bonding might have been interfered with or even replaced by other generated species, e.g., titanium halide. Moreover, BHF was replaced by NaF to eliminate the possible interference from ammonium. The result correlated to that of a previous experiment, as shown in Fig. 11 and 12 . The shifted peak, which should stand for the ligand-fluoride, also shifted from 148.87 to 151.05 ppm. This finding therefore reveals a similar electron shielding as that of the reaction product above.
Raman spectroscopy provided additional evidence for the formation of a Pd-F complex. No scattering peaks were displayed in a pure NaF solution. However, the peaks, 291 and 339 cm Ϫ1 , appeared after the addition of PdCl 2 , as shown in Fig. 13 and 14 , respectively. The frequency of the two peaks, to some degree, corresponds to the stretching and scissoring vibrational modes of PdCl 4 2Ϫ complex, 303 and 275 cm
Ϫ1
, respectively. 15 It is claimed that the deviation of the vibrational frequency is due to the ligand replacement of Cl Ϫ by F Ϫ . Therefore, the resulting complex before we proceeded with the displacement reaction was assumed to be PdCl x F y 2Ϫ ; the sum of x and y is 4 due to the limitation in the number of ligands in the square planar complex. Both of the abovementioned peaks disappeared after the displacement reaction continued for 24 h, i.e., all Pd 2ϩ were almost consumed, as shown in Fig.  15 . The result also implies the consumption of Pd 2ϩ complex in the reaction.
Another interesting phenomenon was observed on the TiN/SiO 2 /Si samples not sealed with wax. In these cases, SiO 2 was exposed to solutions containing F Ϫ . A large amount of crystals with irregular needle shapes were formed, as shown in Fig. 16 . Generally, the deposits of metal clusters were circular in shape. Hence, the crystals found on the substrate were probably inorganic salts. Interestingly, these salts could not be observed if the edges of samples were sealed with wax. The needle-shaped salt was also found on the surface when TaN was used as the barrier instead of TiN. The IR . According to previous research, 15 the inorganic salts found should be (NH 4 ) 2 SiF 6 . Si samples without a nitride barrier were dipped into various activation solutions to illustrate the formation of (NH 4 ) 2 SiF 6 , and the result corresponded to that of our previous finding. Therefore, we believe that the reduction of metal ion on Si would not be initiated until the oxidation of Si took place. Consequently, we propose the following two-step reaction to describe the oxidation of Si and the corrosion of SiO 2 .
First step, corrosion of SiO 2 
Initially, F
Ϫ corrodes the exposed SiO 2 to form SiF 6 2Ϫ which precipitates slightly into (NH 4 ) 2 SiF 6 . Once the SiO 2 film is penetrated, the underlying Si releases electrons which are captured by metal ions. Thus, metal deposition occurs at the second step when the oxidation of Si takes place.
Kelly et al. 13 once suggested a mechanism for the displacement reaction of TiN, in which TiN is oxidized to form TiF 6 together with the reduction in Pd
However, there are two questionable points in the above mechanism. The first is that titanium cannot possibly reside in a TiN structure in an unbonded elemental state, which can be demonstrated in both Fig. 7 and 8 . The structure of TiN, similar to NaCl, is much closer to ionic bonding than covalent bonding. Moreover, the nitrogen atom is usually bonded with other metallic ions in the state of nitride, N 3Ϫ . Hence, the state of titanium in TiN film could be regarded as Ti 3ϩ . The second is that the reduction of H ϩ makes the first half of the reaction charge unbalanced. Hence, the mechanism needs to be modified. Figure 19 and 20 are the IR spectra of TiN/SiO 2 /Si samples after reacting with Pd 2ϩ ions. The competitive reaction of the underlying Si had been eliminated by sealing the edges with wax. In both figures, peaks at about 2359, 2341, and 668 cm Ϫ1 all resulted from the interaction between the solvated TiN and solvent or vibrations of the solvated Ti-N bonding. It is found that the peak at 594 cm Ϫ1 appears after the deposition of Pd. In addition, the broad peak located at about 3500 cm Ϫ1 splits into two peaks at about 3200 and 3600 cm Ϫ1 . The difference of the two spectra implies that a new product should be formed due to the displacement reaction of TiN. The peak at 594 cm Ϫ1 corresponds to the IR-active vibration of TiF 6 2Ϫ . 15 In addition, the splitting of the broad peaks should demonstrate the formation of (NH 4 ) 2 TiF 6 . This apparent discrepancy still existed when TiN powder was used instead of TiN film.
We attempt to deduce the result obtained so far. The above two mechanisms include the generation of gas, corresponding to what had been observed during the displacement reaction. Apparently, the ratio between the consumption of Pd 2ϩ and the generation of TiF 6 2Ϫ in the two mechanisms does not correlate with each other. Therefore, ICP-AES was employed to estimate the ratio between the two species, as shown in Table II . Samples A and B were of identical composition except for the presence of TiN powder in sample B. Sample C provided further information for the dissolution of TiN powder into BHF solution, which contained an identical amount of TiN powder. According to the relative concentration of each component, the ratio between the consumption of Pd 2ϩ and the generation of titanium ions can be computed as follows 3a, there will be too many electrons released from TiN, and the ratio between consumed Pd 2ϩ and generated Ti 4ϩ would be 0.5, which does not correspond to that of the ICP-AES result. It is known that the electrons released from the oxidized Ti are enough to provide the reduction of Pd 2ϩ . Hence, the formation of nitrogen gas, i.e., the oxidation of N 3Ϫ , should not occur in this reaction. The most favorable product species thus becomes NH 3 ͑NH 4 ϩ in aqueous solution͒ by the nature of N atoms. Both the formation of NH 4 ϩ , which could result in neutralization, and the evolution of hydrogen gas, will eliminate H ϩ . Thus, the increase in pH by the reaction was capable of illustrating the formation of NH 3 , and the experimental result corresponded to the description, irrespective of the concentration of F Ϫ . In conclusion, the observed gas during the reaction is hydrogen and the ICP-AES result implies that mechanism 3b is more plausible. Moreover, Ti 3ϩ is presumably oxidized to TiF 6 2Ϫ of which the oxidation state increases to four, which possess the most stable electronic structure among all oxidation states of Ti. The scheme of mechanism 3b is described in Fig. 21 .
In order to evaluate the feasibility of using this displacement reaction in an industrial process, the electrodeposition of copper was then executed on the nitride/Si substrate which had been pretreated by Pd displacement deposition. In Fig. 22a , different sizes of copper crystal can be observed. Theoretically, the Pd deposit is capable of serving as a platform for subsequent Cu electroplating, because of its lower electrical resistance ͑10.54 ⍀ cm͒ in comparison with the barrier nitride ͑about 100-200 ⍀ cm͒. In addition, Cu 2ϩ could be driven by an electric current selectively being adsorbed onto the Pd atoms. Nevertheless, owing to the poor uniformity of Pd deposition, copper grew into two different types following the nucleation and growth processes. Cu crystals with a larger grain size ͑about 5-10 m͒ may be formed with the aid of Pd seeds. On the other hand, smaller grains grew directly on top of the barrier and experienced greater resistance through crystal growth. Thus, the temperature for Pd deposition was raised to about 50°C. The reaction rate of Pd displacement increased accordingly, and the uniformity of Pd seeding was improved. The morphology of Cu deposits under the improved conditions is shown in Fig. 22b . The problem of pinholes was also mitigated and more uniform Cu deposits were obtained. In addition, a slight precipitation of (NH 4 ) 2 SiF 6 , occurs because F Ϫ corrodes the exposed SiO 2 . The underlying Si then releases electrons which are captured by metal ions.
Conclusions
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